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Abstract
The Generalized Uncertainty Principle (GUP) implies the existence of a physical
minimum length scale lm. In this scenario, black holes must have a radius larger than
lm. They are hotter and evaporate faster than in standard Hawking thermodynamics.
We study the effects of the GUP on black hole production and decay at the LHC
in models with large extra dimensions. Lower bounds on the fundamental Planck
scale and the minimum black hole mass at formation are determined from black
hole production cross section limits by the CMS Collaboration. The existence of a
minimum length generally decreases the lower bounds on the fundamental Planck
scale obtained in the absence of a minimum length.
1 Introduction
Models of Large Extra Dimensions (LEDs) [1, 2, 3] open the possibility that the
fundamental Planck scale may be at the TeV energy scale. This has stimulated
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interest in studying black hole (BH) production at the Large Hadron Collider (LHC)
and future particle accelerators. Many quantum gravity candidates, such as, string
theory [4, 5, 6, 7], noncommutative geometry [8, 9] and loop quantum gravity [10],
seem to suggest a modification of the Heisenberg uncertainty principle at or around
the Planck scale. The modification has become known as the Generalized Uncertainty
Principle (GUP). The GUP implies the existence of a minimum length scale lm of
the order of the Planck length lPl. If that is the case, BHs produced at the LHC
would have a radius larger than lm. The GUP also affects the subsequent decay of
BHs via Hawking radiation [11] by making them hotter, shorter-lived, and reducing
their entropy. It is thus interesting to investigate in detail how the GUP may affect
the phenomenology of BH production and decay at the LHC.
According to the Hoop Conjecture [12], a BH forms when a mass M is confined
to a region of size comparable to the Schwarzschild radius for that mass [13, 14, 15],
RS =
1√
piM∗
[
8Γ
(
n+3
2
)
n+ 2
] 1
n+1 (M
M∗
) 1
n+1
, (1)
where n is the number of LEDs and M∗ is the fundamental Planck scale. Therefore,
if two particles collide with center of mass energy
√
s and impact parameter smaller
than RS(
√
s), a BH may form. The Hoop Conjecture suggests that the BH production
cross section is of the same order as that of the black disk cross section σ(
√
s, n) ∼
piR2S. Since BH production of hadron colliders occurs at the parton level, the total
cross section for BH production in a hadronic collision is obtained by integrating over
the Parton Distribution Functions (PDFs) of the hadrons [14]
σ(s, n) =
∑
ij
∫ 1
0
2zdz
∫ 1
xm
dx
∫ 1
x
dx′
x′
fi(x
′, Q)fj(x/x′, Q)σ(
√
xs, n), (2)
where fi(x,Q) are the PDFs with four-momentum transfer Q and z is the impact
parameter normalized to its maximum value. The cutoff at small x is xm = Mmin
2/s,
where Mmin is the minimum-allowed mass of the BH. If the initial BH mass is much
larger than the Planck mass, a semiclassical treatment suggests that the newly-formed
BH decays through four, possibly distinct stages [15]: a balding phase, where the BH
radiates multipole momenta and quantum numbers [16, 17] eventually settling down
to a D-dimensional Kerr geometry; a spin-down phase [17], where angular momentum
is radiated; a Hawking phase, where the Schwarzschild BH decays into elementary
particles through the Hawking mechanism; a Planck phase, where the mass of the
BH approaches the Planck scale and the decay becomes dominated by quantum
gravitational effects.
The Compact Muon Solenoid (CMS) Collaboration has conducted several searches
for BH events [18, 19, 20, 21, 22]. In one of their most recent publications, model-
independent upper cross section limits for BH production were obtained by analyzing
2
a data sample of proton-proton (pp) collisions at
√
s = 8 TeV and integrated lumi-
nosity of 12.1 fb−1 [21]. These cross section limits can be used to set bounds on M∗
and the minimum BH mass Mmin at formation. The CMS Collaboration used the
reduced Planck scale MD to characterize the size of the LEDs. MD is related to M∗
by
MD =
[(2pi)n
8pi
] 1
n+2
M∗. (3)
In this work, we use the CMS model-independent results to determine these bounds
in the presence of the GUP. In the next section, we present a brief discussion on the
GUP and its implications for BH formation and decay. Section 3 is devoted to the
description of the BH event generator CATFISH [23]. Results and conclusions are
presented in Section 4 and Section 5, respectively.
2 Generalized Uncertainty Principle
The GUP is closely related to the postulate of a minimum length scale lm, dating
back to 1947, when Synder [24] proposed that spacetime may be discrete if spacetime
coordinates are noncommutative. Later, Mead [25, 26] showed that it is impossible
to measure distances less than the Planck length and Majid and Ruegg [27] modi-
fied the Poincare´ algebra to include nonvanishing commutators between spacetime
coordinates (constituting κ-Poincare´ algebra) resulting in a minimum length scale.
Investigations with noncommutative geometry [8, 9], string theory [4, 5, 6, 7] and
loop quantum gravity [10] also predict a minimum length scale. For more history on
this subject, please refer to Ref.[28].
In quantum mechanics, the Heisenberg uncertainty principle ∆x∆p & ~ implies
that more and more energy is required to probe smaller and smaller distances. As
long as the energy available is large enough, an arbitrarily small distance can be
probed. If a physical minimum length exists, the Heisenberg uncertainty principle
must be modified at high energies. Assuming that the corrections to the Heinsenberg
principle become relevant at the Planck scale, the most common version of a GUP
in D = n+ 4 dimensions can be written as [29, 30],
∆xi &
~
∆pi
+ α2l2Pl
∆pi
~
, (4)
where lPl = (~GD/c3)1/(D−2) is the D-dimensional Planck length, α is a dimension-
less constant of order one, and the index i = 1, ..., n + 3 labels spatial coordinates.
Equation (4) implies the minimum length
lm = 2αlPl. (5)
3
If the GUP is realized in nature, the diameter of a BH must be at least lm and its
mass must be greater than [29, 30]
Mml =
n+ 2
8Γ(n+32 )
(α
√
pi)n+1M∗. (6)
A BH can form only if its mass MBH is larger than both Mml and M∗. Since Mml/M∗
is a monotonically increasing function of α, the energy above which a BH may form
is Mu = Max{M∗,Mml}. The GUP also leads to modifications of the laws of BH
thermodynamics. The GUP-modified Hawking temperature is
T ′H = TH
2
1 +
√
1− (αlPl/RS)2
, (7)
where TH is the standard Hawking temperature
TH =
n+ 1
4piRS
. (8)
The modified Hawking temperature is higher than the standard Hawking temperature
and monotonically increases with α. This implies that a BH in the GUP scenario
radiates at a faster rate than in the standard scenario. The GUP-modified BH entropy
is
S′H = 2piα
( α
M∗RS
)n+1MBH
M∗
I
(
1, n,
M∗RS
α
)
, (9)
where I(p, q, x) =
∫ x
1 z
q(z +
√
z2 − 1)pdz. The modified entropy S′H is always less
than the standard Hawking entropy
SH =
n+ 1
n+ 2
MBH
TH
(10)
with the ratio S′H/SH decreasing monotonically as α increases. Therefore, the BH
decay multiplicity during the Hawking phase in the GUP scenario is less than in
the standard Hawking scenario, the effect becoming more significant for a larger
minimum length. The GUP also leads to the termination of the BH radiation when
the BH mass reaches Mu [29, 30].
3 CATFISH
In this analysis, we use CATFISH [23] to simulate BH production and decay processes.
CATFISH is a Fortran 77 Monte Carlo generator that is designed specifically for
simulating BH events at CERN’s LHC and incorporates the effects of the GUP.
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The generator interfaces to the PYTHIA Monte Carlo fragmentation code [31, 32]
using the Les Houches interface [33]. To determine the physics of BH formation
and decay CATFISH uses several external parameters and switches: M∗, n, and the
parameter α that determines whether the GUP scenario is turned on (α > 0) or off
(α = 0). The parameter XMIN≥ 1 gives the minimum BH mass at the formation,
i.e., XMIN = Mmin/M∗. QMIN = Qmin/M∗ determines the BH mass at the onset
of the Planck phase. NP is the number of quanta in the final n-body decay of the
Planck phase. If NP = 0, BHs form stable remnants with mass Qmin. CATFISH is
configured to generate parton level events in LHEF format [34], which are fed into
PYTHIA (v8.2.12) to hadronize. We run CATFISH (v2.10) with the CTEQ6L1 PDF
set and PYTHIA Tune Z1.
Equation (6) implies that a BH can form at center of mass energy
√
s only when
alpha is smaller than
αm =
1√
pi
[8Γ(n+32 )
n+ 2
√
s
M∗XMIN
] 1
n+1
, (11)
where αm is a decreasing function of M∗ and XMIN. In the following analysis, the
values of α chosen are smaller than αm so that BHs must form in the simulation.
4 Lower Bounds onM∗ andMmin from the GUP
The lower bounds on M∗ and Mmin (or equivalently, XMIN) are obtained using the
same method as used in Ref.[35]. As the results do not significantly depend on n and
NP, we present the bounds only for n = 4, 6 and NP = 0, 4. To see the effects of the
minimum length without suppressing BH production, we let α vary between 0.2 and
0.7 so that Mml < M∗. Additionally, we run CATFISH with values of α = 0.9 and
α = 1.0. These values allow us to estimate the effects of a highly-suppressed cross
section.
We use Delphes (v3.3.0) [36] to perform the detector simulation. The FastJet
algorithm [37] provides fast naive implementations of different jet-finding algorithms,
including the anti-kT algorithm used in this analysis. The final-state objects are
selected according to the kinematic cuts summarized in Table 1. The variable Iso(ι)
refers to the isolation requirement for a particular object (electron, muon or photon).
For an electron or a muon candidate, it is the sum of the transverse momenta pT of
all charged and neutral particles in a cone of ∆R =
√
(∆φ)2 + (∆η)2 ≡ ι around the
object, whereas for a photon candidate it is the ratio of that sum to the pT of the
photon candidate. Here, η is the pseudorapidity of the particle,
η =
1
2
ln
p+ pz
p− pz = − ln
(
tan
θ
2
)
, (12)
5
where θ is the polar angle, and φ is the azimuthal angle defined in Figure 1.
Figure 1: Left: The coordinate system of the CMS detector. The beam direction is parallel or
anti-parallel to the z direction. y is pointing upward and x is pointing into the center of the LHC
ring. Right: The cone used to define the variable Iso(ι).
Objects pT |η| Iso(ι)
Jets
> 50 GeV
< 2.6 N/A
Muons < 2.1
Iso(0.3) < 20%
Electrons (1.56, 2.4) &
Photons (0, 1.44) †
Table 1: Kinematic cuts for the ST spectrum. †: The scalar sums of transverse energy (momenta
in the case of the tracker) of all particles are calculated in a cone of ∆R = 0.4 around the
candidate photon direction. They are smaller than 2.0, 4.2, and 2.2 GeV for the tracker, ECAL,
and HCAL, respectively.
The minimum separation between any two objects in the event is required to be
∆R > 0.3. These requirements match, for the most part, the requirement that
are used by the CMS Collaboration in Ref.[21], except for the requirements on the
muon impact parameter, the separation between an electron candidate and a muon
candidate with more than 10 hits in the inner tracker, and the ratio of HCAL to
ECAL energy deposits for a photon candidate. These last three requirements cannot
be implemented in Delphes. However, they do not significantly affect Delphes’ output
[36], and can be safely ignored.
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Lower bounds on M∗ and Mmin are derived by evaluating the partial cross section
σ(ST > S
min
T ) for events with multiplicity greater than a given value. The ST variable
[21] is defined as the sum of the magnitudes of the transverse momenta pT of all
objects satisfying the kinematic cuts in Table 1 plus the missing energy /ET > 50
GeV, where /ET is the magnitude of the vector sum of the pT of all objects. The
event multiplicity N is defined as the number of final-state objects used to calculate
ST. The distributions of the partial cross section σ(ST > S
min
T ) times acceptance A
(=100%) [35] are shown in Fig. 2. They were obtained by running CATFISH with
n = 4 and NP = 4. The upper two panels in Fig. 2 show σ(ST > S
min
T ) × A as a
function of M∗ for XMIN = QMIN = 3 and α = 0.7 (left panel) or α = 0.9 (right panel).
The lower panels show σ(ST > S
min
T )×A as a function of XMIN at α = 0.7 (left panel)
or α = 0.9 (right panel) and M∗ = 1.51 TeV, corresponding to MD = 3 TeV for
which the CMS Collaboration has determined the lower bound on BH mass. These
results can be used to estimate the lower bounds on M∗ and XMIN by requiring that
the simulated partial cross sections are smaller than the CMS upper cross section
limits (dot-dashed curves). The top (bottom) panels of Fig. 2 implies M∗ & 1.9 (0.8)
TeV and XMIN & 3.8 (1.6) for α = 0.7 (0.9), respectively.
Figure 3 shows the lower bounds on M∗ as a function of XMIN, NP and α for n = 4
(left panel) and n = 6 (right panel). Dashed lines are for NP = 0, and solid lines for
NP = 4. The results for α = 0 give the bounds on M∗ in the absence of a minimum
length [35]. As long as α . 0.7, the bounds are not significantly different from the
bounds when α = 0. However, when α & 0.9 the bounds on M∗ decrease rapidly as α
increases with the cross section becoming highly suppressed when Mml/M∗ > 1. As
in the standard scenario, M∗ bounds decrease as XMIN increases. The BH remnant
model (NP = 0) allows the production of BHs with smaller masses than models with
n-body final decay (NP 6= 0).
The results in Fig. 3 can be combined with lower bounds from other experiments
to constrain the minimum-allowed BH mass. The most stringent limits on the fun-
damental Planck scale M∗ from the analysis of monojet events are about 2 TeV and
1.33 TeV for n = 4 and n = 6, respectively [38]. These bounds are represented by
the horizontal lines in Fig. 3. The left panel shows that for models with NP = 4,
XMIN . 3 for α ≤ 0.7, while XMIN . 1 for α = 0.9. At the same time, for models
with NP = 0, the upper bound of XMIN is about 1-2 for α ≤ 0.7. Similarly, the right
panel shows that for models with NP = 4, XMIN . 4.5 for α ≤ 0.7, while XMIN . 2
for α = 0.9. For models with NP = 0, the upper bound of XMIN is about 2-2.5 for
α ≤ 0.7. Note that these upper bounds on XMIN were obtained for the values actually
explored in the simulation.
Figure 4 shows the lower bounds on XMIN as a function of M∗, NP and α for n = 4
(left panel) and n = 6 (right panel). When α . 0.7, there is no significant difference
from α = 0. However, when α & 0.9, the bounds become smaller, due to a highly
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Figure 2: σ(ST > SminT )× A as a function of M∗ (upper plots, the values in the legends are for
M∗ in units of TeV) or XMIN (lower plots, the values in the legend are for XMIN’s) at α = 0.7 (left
plots) and α = 0.9 (right plots). The model-independent 95% CL experimental upper limits from
the CMS Collaboration are also shown [21]. The event multiplicity is N ≥ 3.
suppressed cross section. The BH remnant models (NP= 0) give smaller lower bounds
than the “explosive” models (NP 6= 0). The lower bounds on XMIN decrease with α
when α & 0.9. The lower bounds on Mmin at NP = 4 do not depend significantly on
α’s (see Figure 5, because the cross section is determined by Mmin as long as M∗ is
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Figure 3: Lower limit on M∗ as a function of XMIN, α, NP and NEXTRADIM = 4 (left), and 6 (right).
The dashed curves represent the results for NP = 0 and the solid curves for NP = 4. The horizonal
black lines represent the experimental limits from Ref.[38].
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(left). The dashed curves represent the results for NP = 0 and the solid curves for NP = 4.
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Figure 5: Lower limit on Mmin as a function of M∗, α, NP and NEXTRADIM = 4 (right), and 6
(left).
Figures 6, 7 show a comparison between the lower bounds onMmin from CATFISH
with those from BlackMax [39, 40] and CHARYBDIS2 [41, 42]. The lower bounds on
Mmin do not depend strongly on α. Those for the remnant models (NP= 0) are smaller
than those predicted by BlackMax and CHARYBDIS2. The CATFISH “explosive”
models (NP6= 0) predict results very similar to those of the other two generators,
except that the boiling/stable remnant models of CHARBDIS2 give slightly smaller
limits than CATFISH, but still larger than the CATFISH remnant models (see Figure
6). The difference in the predictions between CATFISH and CHARYBDIS2 with a
stable remnant is due to the different implementations of the quantum phase by the
two generators [21, 41]. Moreover, CATFISH’s stable remnant is invisible to the
detector and contributes to missing energy, while CHARYBDIS2’s remnant behaves
as a heavy fundamental particle with conventional interactions in the detector. The
three generators differ from one another also in the implementation of the quantum
phase and in the inclusion or exclusion of the effect of gravitational energy loss at
the formation of the BHs. For example, the predictions of the behavior of Mmin
vs. M∗ for NP = 0 (BH remnant) by CATFISH differ from those of BlackMax and
CHARYBDIS2. The similarities among the three generators are due to the fact that
the three generators incorporate the same basic physics of microscopic BH formation
and decay (see Fig. 7).
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Figure 6: Comparison of the lower bounds of Mmin from CATFISH, BlackMax and CHARYB-
DIS2 for n = 4 (left) and 6 (right). The results of BlackMax and CHARYBDIS2 are extracted
from Figure 4 in Ref.[21].
5 Conclusion
In this work, the effects of the GUP on BH production and decay at the LHC were
investigated by simulating events with the BH event generator CATFISH. Upper
BH production cross section limits are used to set lower bounds on the fundamental
Planck scale M∗ and the minimum BH mass Mmin. The GUP decreases the produc-
tion cross section as long as α is greater than a critical value αc, depending on n.
The lower bounds on M∗ do not significantly change with respect to the standard
scenario as long as α < αc. A similar behavior is observed for the lower bounds
on XMIN. Lower bounds on Mmin are essentially unaffected by the GUP. For models
without a BH stable remnant (NP = 4) they generally agree with earlier bounds from
the CMS Collaboration and the ATLAS Collaboration obtained with different BH
event generators, i.e., BlackMax [39, 40], and CHARYDIS2 [41, 42]. BH remnant
models give milder constraints than non-remnant models. In summary, the GUP
gives more stringent constraints on the sizes of the LEDs (. 1.10 nm), for α > αc.
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Figure 7: Lower bounds on Mmin from CATFISH, BlackMax and CHARYBDIS2 for n = 4 (left)
and 6 (right). The results of BlackMax and CHARYBDIS2 are extracted from Figure ’s 8 and
10 in Ref.[43].
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